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FRACTOGaAPHIC EVALUATI3N OF CREEP EPPECFS ON STRAIN-CONTROLLED 

FATIGUE-CRACKING OF AISI  304LC AND 316 STAINLESS STEEL 

b y  R o b e r t  E. O l d r i e v e  

NASA-Lewis R e s e a r c h  C e n t e r  

An i n v e s t i g a t i ~ n  w a s  c ~ n d u c t e d  i n  w h i c h  f r a c t o g r f p h y  was u s e d  t o  
c h a r a c t e r i z e  High-Tempera  t u r a  L o u - C y c l e  (HTLC) c r e e p - f a t  i g u e  c r a c k i n g  o f  
A I S I  304LC a n d  A I S I  316 s t a i n l e s s  s teel  s p e c i m e n s  f o r  e a c h  a f  f o u r  b a s i c  
i n e l a s t i c  s t r a i n r a n g e  v e r s u s  l i f a  r e l a t i o n s h i p s  o b t a i n e d  by t h e  m e t h o d  
sf S t r a i n r a n g e  P a r t i t i ~ n i n g  (SRC). P r e v i o u s l y ,  i t  h a s  b e e n  s u g g e s t e d  
t h a t  d i f f e r i n g  d e f  orma t i o n  m e c h f n i s n s  were t h e  c a u s e  ~f s e p a r a t i o n  i n  
t h e  S RP r e l a t i o n s h i p s .  A c c o r d i a  g l y  , t h i s  i n v e s t i g s t i o n  was made t 3  

i d e n t i f y  f r a c t u r e  f e a t u r e s  w h i c h  c a n  p r o v i d e  a n  u n d e r s t a n d i n g  o f  t h e  
a e c h a n i s m s  w h i c h  a re  o p e r a t i v e  i n  c r e e p - f a t i g u e .  

E v a l u a t i o n  o f  t h e  f r a c t u r e s  a n d  o f  c r a c k  i n i t i a t i o n  d a t a  o b t a i n e d  
f r o m  t h e  f r a c t u r e s  show t h a t  e a c h  o f  t h e  f o u r  t y p e s  of S R P - c y c l e s  c a n  b e  
c h a r a c t e r i z e d  a s  t o  t h e  e f f a z t  upon  c r a c k i n g  o f  t e n s i l e ,  c o m p r e s s i v e ,  o r  
t h e  a b s e n c e  o f  c r e e p - s t r a i n .  w' 

\O T h e  f a t i g u e  f r a c t u r e  r e s u l t i n g  f  rom t h e  n o n - c r e e p - c o n t a i n i n g  
m , P P - c y c l e  i s  t r a n s g r a n u l a r  f rom o n e  or more s u r f a c e - c r a c k - i n i t i a t i o n  
w s i tes .  I t  u a s  d e t e r m i n e d  t h a t  t h e  i n t r o d u c t i o n  o f  c r e e p  s t r a i n  ( i n  t h e  

PC, C C ,  3r C P - t y p e  cycles) a c t s  t o  c h a n g e  f a t i g u e  f r a c t u r e  i n  t h r e e  
d i s t i n c t  uay s: 

( 1 )  T h e  n u m b e r  o f  s u r f a c e  t r a n s g r a n u l a r  c r a c k - i n i t i a t i o n  s i tes  
( P C - c y c l e )  is i n c r e a s e d  a s  c o a p a r a d  t o  t h e  n o n - c r e e p  f a t i g u e  ( P P - c y c l e )  , 
r e s u l t i n g  i n  f e w e r  c y c l e s  i n  t h a  c r a c k  i n i t i a t i o n  s t a g e ,  3 b r o a d  c r a c k  
f r o n t ,  a n d  s h o r t e r  t o t a l  c y z l i c  l i f e .  

( 2 )  I n t r o d u c t i o n  o f  g r a i n -  b o u n d a r y  c r a c k i n g  a t  t h e  crack f r o n t  
( C C -  c y c l e )  p r o d u c e s  e a r l y  c r a c k  i n i t i a t i o n  a n d  
t r a n s g r a n u l a r - i n t e r g r a n u l a r  c r a c k  p r o p a g a t i o n  ( m i x e d  fracture mode), 
r e s u l t i n g  i n  s h o r t e r  t o t a l  l i f e  t h a n  f o r  e i t h e r  t h e  PP o r  PC c y c l e .  

(3) I n t r a d u c t i o n  ot '  g r a i n - b o u n d a r y  c r a c k - i n i t i a t i o n  sites 
t h r o u g h o u t  t h e  v o l u m e  o f  t h e  t e s t  s p e c i m e n  ( C P - c y c l e )  p r o d u c e s  a t o t a l  
i n t e r g r a n u l a r  f r a c t u r e .  ?or t h i s  C P - c y c l e  t h e  t o t a l  f a t i g u e  l i f e  (crack 
i a i t i a t i o n  p l u s  p r o p a g a t i o n )  was  less t h a n  t h e  c r a c k  i n i t i a t i o n  l i f e  f o r  
a n y  o f  t h e  o t h e r  S R P - f a t i g u e  c y z l e s  f o r  t h e  same i n e l a s t i c  s t r a i n r a n g e .  v 

I N r  RODUCT I O N  

A n a l y s i s  o f  High  T e m p e r r t u r a  Low Cycle (HTLC) f a t i g u e  l i f e  d a t a  f o r  :. 
AIsI 304LC a n d  31b s t a i n l e s s  s t e e l s  r e s u l t s  i n  f o u r  s e p a r a t e  

' r e l a t i o n s h i p s  b e t w e e n  i n e l a s t i c  s t r a i n r a n g e  a n d  c y c l i c  l i f e  when c r e e p  : 
s t r a i n ,  p l d s t i c  s t r a i n ,  a n 3  L o a d i n g  d i r e c t i o n  a r e  t r e a t s 3  a s  t h e y  a re  i n  : 
t h e  m e t h o d  o f  S t r a i n r a n g e  P ~ r t i t i o n i n g  (SBP, r e f .  1 T h a t  t h e  f o u r  
p l o t s ,  s a a e t i m e s  c o i n c i d e n t  o r  i n t e r s e c t i n g ,  r a y  b e  d e t e r m i n e d  by . 
d e f o r m a  t i o n  m e c h a n i s m s  was s u g g e s t e d  by t h e  d i s c u s s i o n  o f  a c t i v e  s l i p  
a n d  g r a i n  b o u n d a r y  s l i d i n g  s y s t e m s  o f  r e f e r e n c e  2. I n  e f f e c t ,  i t  i s  
s u g g e s t e d  t h a t  e a c h  SRP p l o t  i s  a mater ia l  p r o p e r t y  p l o t .  I f  t h i s  i s  
t h e  case r h e n  t h e  t y p e  o f  f r s c t u r e ,  t h e  t i r e  f o r  c r a c k s  t o  i n i t i a t e ,  or  
t h e  r a t e  s t  c r a c k i n g  may d i f f e r  a c c o r d i n g l y .  T h i s  i n v e s t i g a t i o n ,  

; 
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t h e r e f 3 r s ,  was u n d e r t a k e n  t o  i d e n t i f y  by f r a c t o g r a p h y  s p e c i f i c  c r a c k  
p r o p a g a t i o n  f e a t u r e s  u h i c h  p r e d o r i n a t e  i n  c a u s i n g  f r a c t u r e  f o r  e a c h  t y p e  
3 f  SBP-cycle .  A test c y c l e  c o n t a i n i n g  n o  c r e e p  s t r a i n  is i d e n t i f i e d  a s  
a  P P - c y c l e .  When c r e e p  s t r a i n  i s  a p p l i e d  i n  c o m p r e s s i o n  o n l y ,  t h e  test  
c y c l e  i s  d e s i g n a t e d  PC; uhen c r e e p  s t r a i n  is a p p l i e d  i n  t e n s i o n  a n l y ,  
t h e  t e s t  c y c l e  i s  d e s i g n a t e i  CP; a n d  when c r e e p  s t r a i n  i s  a p p l i e d  i n  
b 3 t h  t e n s i o n  a n d  c o m p r e s s i o n  t h e  t e s t  clcle is d e s i g n a t e d  CC. 

A s  a  means of i d e n t i f y i n g  c r e e p - e f f e c t s ,  m e a s u r e m e n t s  were made of 
t h e  c r a c k  p r o p a g a t i o n  p o r t i a n  o f  t o t a l  l i f e  as  i n d i c a t e d  by f r a c t u r e  
s u r f a c e  markings .  C r a c k  i n i t i a t i o n  i s  d e f i n e d  a s  t h e  c y c l e s  r e q u i r e d  t o  
p r o d u c e  a c r a c k  d e p t h  of  1 2 5  um (0.005 i n . ) .  T h e  c r a c k  p r o p a g a t i o n  
p ~ r t i 3 n  o f  t o t a l  l i f e  is  e q u a l  t o  t h e  number o f  c y z l e s  r e q u i r e d  t a  
p r o p a g a t e  t h i s  i n i t i n t i o n  d a p t h  c r a c k  t o  f r a c t u r e  o f  t h e  spec imen .  F o r  
t r a a s g r a n u l a r  f r a c t u r e ,  t h e  c r a c k  p r o p a g a t i o n  p e r i o d  was m e a s u r e d  f rom 
t h e  c y c l i c  a d v a n c e  o f  t h e  c r i c k - f  r o n t ,  a s  i d e n t i f i e d  by s t r i a t i o n s  
( refs .  3 a n d  4 ) ,  a n d  f o r  i n t e r g r a n u l a r  f r a c t u r e  by o t h e r  f e a t u r e s  i n  t h e  

a b s e n c e  of s t r i a t i o n s .  By t h e s e  means  c r a c k  i n i t i a t i o n  l i fe,  f r a c t u r e  
r ~ d e ,  a n d  s u r f a c e  f e a t u r e s  were r e l a t e d  t o  t h e  t y p e  o f  SRP test c y c l e  
a n d  t o  t o t a l  c y c l i c  l i fe .  

Only  a  l i m i t e d  a m o u n t  o f  i n v e s t i g a t i v e  e f f o r t  h a s  b e e n  d i r e c t e d  
t a u a r d  ~ b t a i n i n g  t h e  e f f e c t  o f  c r e e p  upon t h e  f r a c t u r e  a p p e a r a n c e  o f  
a p p l i e d  c y c l i c  l o a d s .  For a r a m p l e ,  i t  h a s  b e e n  shown t h a t  i n t e r g r a n u l a r  
f a t i g u e  f r a c t u r e  can  o c c u r  i n  a l l o y s  i n  t h e  p r e s e n c a  o f  c r e e p  s t r a i n  
w h e r e a s  f r a c t u r e  would be  t r a n s g r a n u l a r  i n  t h e  a b s e n c e  o f  c r e e p  
( ( C 3 - b a s e  a l l o y  L605 and  P e  b a s e  A286 ( r e f .  5) ) . A r o t a  u n u s u a l  f i n d i n g  
h a s  b e e n  made f o r  s e v e r a l  n a t e r i a l s  which f a i l  t r a n s g r a n u l a r l y  when t h e  
f a t i g a e  c y c l e  c o n t  a i n s  c o m p r a s s i v a  c r e e p  o n l y  b a t  f a i l  i n t e r g r a n a l a r l y  
f a r  a t h e r v i s e  i d e n t i c a l  test c o n d i t i o n s  e x c e p t  t h a t  t h e  f a t i g u e  cycle 
c o n t a i n s  t e n s i l e  c r e e p  o n l y ,  ( (  AISI 316 s t a i n l e s s  steel (ref. 1 )  a n d  Ta  
a l l a y  T l l l  ( r e f .  6 ) ) .  Pram t h e s e  l i m i t e d  d a t a ,  t h e  f a c t o r s  t h a t  c a n  
c o n t r i b u t e  t o  a  c h a n g e  i n  f a t i g u e  f r a c t u r e  mode a n d  c y c l i c  l i f e t i m e  may 
b e  i n f e r r e d  as b e i n g  t h e  r a s u l t  n o t  o n l y  o f  t h e  amount  o f  c r e e p ,  b u t  
a l s a  by t h e  d i r e c t i o n  o f  l o a d i n g  ( t e n s i o n  or c o m p r e s s i o n )  which c a u s e s  
c r e e p .  The a u s t e n i t i c  s t a i n l e s s  s tee ls  u e r e  s e l e c t e d  f o r  a  more 
c a m p l e t e  i n v e s t i g a t i o n  o f  t h i s  b e h a v i o r .  

The  p r e s e n t  f n v e s t i g a t i o n  u s a s  f  r a c t o g r a p h y  t o  d e t e r m i n e  f r a c t u r e  
r ~ d e ,  c r a c k  i n i t i a t i o n  p e r i o d ,  and  crack p r o p a g a t i o n  r a t e  f o r  a l l  f o u r  
t y p e s  o f  SBP-cycles .  The c o n d i t i o n s  c o n s i d e r e d  were s e l e c t e d  s o  o s  t o  
i n c l u d e  a r a n g e  of  t e m p e r a t u r e s  (3050C t o  7 0 5 0 C ) ,  a  r a n g e  o f  i n e l a s t i c  
s t r a i n r a n g e s  (0.4% t o  41), a n d  l o a d  a p p l i c a t i o n  c o n d i t i o n s  i n  wh ich  
c r e e p - s t r a i n  o r  p l a s t i c - s t r a i n  p r e d o m i n a t e d  i n  t e n s i o n  o r  c o m p r e s s .  . o r  
b ~ t h .  

D e s c r i p t i o n s  of t h e  t e s t  s p e c i m e n s ,  t h e  m e t h o d s  o f  t e s t i n g ,  
specimen e x a m i n a t i o n ,  c r a c k  p r o p a g a t i o n ,  f r a c t u r e  c h a r a c t e r i s t i c s ,  a n d  
t h e  o b s e r v e d  f e a t u r e s  a s s o c i a t e d  w i t h  e a c h  t y p e  o f  SRP c y c l e  a re  
p r e s e n t e d  i n  t h e  s e c t i o n s  u h i c h  f o l l o w .  

O \ ~ I L ~ N A L  PAGE Lgi 
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NOHENCLATU RE 

c r a c k  l e n g t h  ( 3 e p t h  f rom s u r f a c e )  

c r a c k  i n i t i a t i o n  d e p t h  (1 25 1r. m )  

c r a c k  h a l f - l e n g t h ,  p a  

c r a c k  p r o p a g a t i o n  r a t e ,  p r / c y c l e  

a p p l i e d  i n e l a s t i c  s t r a i n r a n g e  = L C p p  + + b e C C  + A E  
PC CP 

i n e l a  s t i c  s t r a i n r a n g e ,  s p e c i f i e d  as f o l l o w s :  

t e n s i l e  p l a s t i c  s t r a i n  b a l a n c e d  by c o m p r e s s i v e  p l a s t i c  
s t r a i n  

t e n s i l e  p l a s t i c  s t r a i n  b a l a n c e d  by c o m p r e s s i v e  c r e e p  
s t r a i n  

t e n s i l e  c r a e p  s t r a i n  b a l a n c e d  by c o m p r e s s i v e  c r e e p  
s t r a i n  

t e n s i l e  c t e e p  s t r a i n  b a l a n c e d  by c o m p r e s s i v e  p l a s t i c  
s t r a i n  

s c a n n i n g  e l e c t r o n  m i c r o s c o p y  

s t r a i n r a n g e  p a r t i t i o n i n g ,  w i t h  SRP-cycle  a s  f o l l o w s :  

f a t i g u e  q c l e  c o n s i s t i n g  l a r g e l y  of h c  
PP 

f a t i g u e  c y c l e  c o n s i s t i n g  l a r g e l y  o f  Acpc 

f a t i g u e  c y c l e  c o n s i s t i n g  l a r g e l y  o f  A € , ,  

f a t i g u e  cycle c o n s i s t i n g  l a r g e l y  o f  

cy cl e 

c y c l e s  t o  f a i l  

c h a n g e  i n  w a l l  t h i c k n e s s  by n e c k i n g  

EATER1 ALS AND B X P E B I  HENPAL DETAILS 

H a t e r i a l s  f o r  which r e s p o n s e  t o  c r e e p - f  a t i g u e  cycling h a s  been  
p r e v i o u s l y  a n a l y z e d  (ref.  I ) ,  were u s e d  i n  t h i s  i n v e s t i g a t i o n .  T h e y  were 
Types AISI 300LC (lou c a r b o n )  and 316 s t a i n l e s s  s teel .  The n o m i n a l  
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1.5 a n ,  0.5 si, 1 0  N i ,  19  C r )  a n d  
i ,  17 C r ,  2.5 D . S p e c i m e n s  o f  
a n n e a L e d  c o n d i t i o n .  s t r a i n r a n g e  

c o m p o s i t i o n s  a r e :  A I S I  3 0 4 L C  (0.02 C ,  
A I S I  316 (0.08 C, 1.5 Rn, 0.5 S i ,  1 2  
b o t h  a l l o y s  were t e s t e d  i n  t h e  f u l l y  
v e r s u s  cycl ic  l i f e  r e l a t i o n s h i p s  a t e  r e p o r t e d  f o r  316 s t o e l  i n  r e f e r e n c e  , 
7. Sore o f  t h e  d a t a  f o r  304LC a re  shown i n  r e f e r e n c e  1. 

T h e  t e s t  s p e c i m e n s  were o f  t h e  t u b u l a r ,  h o u r - g l a s s  c o n f i g u r a t i o n  
w i t h  a n o m i n a l  wall t h i c k n e s s  o f  1.53 rr, (0 .060 i n . ) .  H e a t i n g  was 
e i t h e r  by d i r e c t  r e s i s t a n c e  o r  by i n t e r n a l l y  p o s i t i o n e d  s i l i c o n  c a r b i d e  . 
h e a t i n g  e l e m e n t .  A l l  t e s t s  were c o n d u c t e d  u s i n g  c l o s e d - l o o p ,  
s e r v o - c o n t r o l l e d ,  e l e c t r o - h y d r a u l i c  e q u i p m e n t .  ? t r a i n s  were m e a s u r e d  
u s i n g  a d i a m e t r a l  e x t e n s o m e t e r .  A l l  s t r a i n s  r e p o r t e d  are  l o n g i t u d i n a l  
s t r a i n s  c a l c u l a t e d  from m e a s u r e d  d i a m e t r a l  s t r a i n s .  F u r t h e r  d e t a i l s  of 
e x p e r i a e n t a l  p r o c e d u r e s  a n d  test  e q u i p m e n t  c a n  b e  f o u n i  i n  r e f e r e n c e  8. 
T h e  f o u r  b a s i c  t y p e s  of S B P  z y c l e s  a r e  d e s i g n a t e d  PP, PC, CP, a n d  
CC-cycles., T h e  l e t t e r s  P ( p l a s t i c ,  time i n d e p e n d e n t )  a n d  C ( c r e e p ,  time 
d e p e n d e n t )  a re  u s e d  t o  d e s i g n a t e  t h e  ra jor t y p e s  o f  i n e l a s t i c  s t r a i n .  
T h e  f i r s t  l e t t e r  i n d i c a t e s  t h a  t e n s i l e  a n d  t h e  s e c o n d  letter t h e  
c ~ r p r e s s i o n  p o r t i o n  o f  e a c h  a p p l i e d  c y c l e .  I n  some z a s e s  t h e  t e n s i l e  
d e f o r m a  t i o n  was a  p p l i e d  a t  o n e  t e m p e r a t u r e  a n d  t h e  c o m p r e s s i o n  
i e f 3 r m a t i o n  a t  a n ~ t h e r .  T h i s  i s  i d e n t i f i e d  i n  t a b l e  I. 

T h e  a n a l y t i c a l  t e c h n i q u e  of  p a r t i t i o n i n g  e s t a b l i s h e s  a d a t a  
c D r c e l a t i o n  l i n e  f o r  e a c h  o f  t h e  f o u r  b a s i c  t y p e s  o f  l o a d i n g  c y c l e s .  
T e s t  s p e c i m e n s  selected f o r  t h i s  s t u d y  r e p r e s e n t  d a t a  p o i n t s  o f  v e r F  
c l o s e  p r a x i a i t y  t o  t h e  f i n a l  PP,  CC,  PC, a n d  CP L i n e s  w h i c h  uere 
d e t e r m i n e d  a n a l y t i c a l l y  f r o m  t h e  t e s t  d a t a .  T h e  p r o c e d u r e  fo r  
p a r t i t i o n i n g  t h e  c y c l e s  i n t o  SRP c y c l e  c o m p o n e n t s  a n d  t h e  m e t h o d  b y  
w h i c h  t h e  S R P - c y c l e  p l o t s  w a r e  o b t a i n e d  is g i v e n  i n  r e f e r e n c e  7. T h e  
t a s t  c a n d i t i o n s  o f  t h e  s p e c i m e n s  u s e d  i n  t h e  f r a c t o g r a p h i c  i n v e s t i g a t i o n  
d e s c r i b e d  h e r e i n  a r e  g i v e n  i n  t a b l e  I i n  t h e  order i n  w h i c h  t h e y  a p p e a r  
i n  t h e  f i g u r e s .  T h e  s e l e c t e d  t e s t  s p e c i m e n s  were e x a m i n e d  u s i n g  
s c a n n i n g  e l e c t r o n  m i c r o s c o p y  (SEH) t o  d e t e r m i n e  f r a c t u r e  c h a r a c t e r i s t i c s  
a n d  t 3  m e a s u r e  crack p r o p a g a t i o n  rates. Crack p r o p a g a t i o n  r a t e s  were 
d e t e r m i n e d  f  r o e  t h e  m e a s u r e m e n t s  o f  t h e  s p a c i n g  b e t w e e n  s t r i a t i o n s  
f 3 r r e d  a s  t h e  c r a c k  f r o n t  a d v a n c e d  a s s u m i r g  o n e  s t r i a t i o n  p e r  c y c l e .  
H a c r 3 s c o p i c  e x a m i n a t i o n  u a s  u s e d  t o  s u p p l e m e n t  t h e  SEH. 

T h e  number  of c y c l e s  r e q u i r e d  f o r  a c r a c k  t o  i n i t i a t e  t o  a d e p t h  o f  
1 2 5  v m  (0.005 i n . )  was d e r i v e d  a s  f o l l o v s :  The  n u m b e r  o f  c y c l e s  
e x p e n d e d  i n  c r a c k  p r o p a g a t i o n  u a s  d e t e r m i n e d  b y  c o u n t i n g  s t r i a t i o n s  from 
s p e c i m e n  f a i l u r e  b a c k w a r d s  t o  t h e  i n i t i a t i o n  d e p t h .  C r a c k  i n i t i a t i o n  .. ' 
was  t h u s  t a k e n  t o  be  t h e  d i f f e r e n z e  b e t w e e n  t o t a l  c y c l e s  t o  f a i l u r e  a n d  
t h e  number  o f  c o u n t e d  s t r i a t i o n s .  

C O R R E L A T I O N  OF FRACTURE APPEARANCE U I T H  S T R A I N R A N G E  CYCLE. 

A g e n e r a l  f i n d i n g  o f  t h i s  i n v e s t i g a t i o n  is t h a t  c r e e p - f a t i g u e  
i n t e r a c t i o n  r e s u l t s  i n  a d i s t i n c t i v e  f r a c t u r e  a p p e a r a n c e  f o r  e a c h  o f  
f o u r  t y p e s  o f  SRP t e s t  c y c l e s .  P i g u r c a s  1 t o  4 show f r a c t u r e  s u r f a c e s  o f  
A I S I  316 s t a i n l e s s  s tee l  f a t i g u e d  t o  f a i l u r e  i n  s t r a i n - c o n t r o l l e d  t e s t s  
f o r  n o m i n a l  i n e l a s t i c  s t r a i n r a n g a s  o f  0.4 a n d  4  p e r c e n t .  F i g u r e s  1 a n d  
2 a r e  m a c r o p h o t o g r a p h s .  F i g u r e s  3 a n d  4 p r o v i d e  S E H  p h o t o m i c r o g r a p h s  
s u p e r i m p o s e d  u p o n  p l o t s  o f  i n a l a s t i c  s t r a i n r a n g e  v e r s u s  c y c l e s  t o  
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f a i l u r e  a s  r e p o r t e d  i n  r e f e r e n c e  7.  
G e n e r a l i z e d  o b s e r v a t i o n s  r e r e  t h a t  f o r  t h i s  m a t e r i a l  a t  a 

s t r a i n r a n g e  o f  n o m i n a l l y  4 p a r c e n t ,  t h e  c y c l i c  l i f e  r e l a t i o n s h i p s  ( f i g .  
. 4) f a r  PC, and  C C - c y c l e s  show no l i f e  r e d u c t i o n  from t h e  PP-cyc le .  The  

i n t r o d u c t i o n  of  c r e e p  i n  a C P  t y p t  c y c l e ,  however ,  ~ p p r e c i a b l y  a f f e c t e d  
l i f e  a t  h i g h  a s  well a s  a t  t h e  l o w e r  s t r a i n r a n g e s  ( f i g .  3) . F o r  n e a r l y  
i d e n t i c a l  cyclic l i v e s  a n d  a t  h i g h  i n e l a s t i c  s t r a i n r a n g e s  ( = 1)s) , 
t h e  F r a c t u r e d  s u r f a c e s  f o r  s p e c i m e n s  s u b j e c t e d  t o  PP, PC, a n d  C C - c y c l e s  
a r e  Per y s i m i l a r  on a m a c r o s c o p i c  s c a l e  ( f i g s .  2 ( a )  , 2 ( b )  , a n d  2 ( d )  ) i z  
t h a t  s t r i a t i o n  " c r e s c e n t s n  t y p i c a l  o f  t r a n s g r a a u l a r  f r a c t u r e  a r e  
e v i d e n t .  I n  t h e  case o f  t h e  Z P - c y c l e  ( f i g .  2 ( : ) )  t h e  c r y s t a l l i n e  
a p p e a r a n c e  i n d i c a t e s  t h a t  i n t e r g r a n u l a r  f r a c t u r e  o c c u c t e d .  A t  h i g h e r  
a a g n i f i c a t i o n ,  however ,  ( f i g s ,  3  a n d  4 )  e a c h  o f  t h e  f o u r  t y p e s  o f  SRP 
c y c l e  is s e e n  t o  p r o d u c e  a d i s t i c  l t i v e l y  d i f f e r e n t  f r a c t u r e  s u r f a c e .  A t  
h i g h  o r  low s t r a i n r a n g e  a n d  f o r  t h e  r a n g e  o f  t e m p e r a t u r e s  i n v e s t i g a t e d ,  
t h e  s p e c i f i c  i d e n t i f i c a t i o n  ~f t h e  n o d e  o f  f r a c t u r e  f o r  e a c h  SRP-cyc le  
i s  p r e s e n t e d  i n  t h e  s e c t i o n s  u h i c h  f o l l o w .  

P P - c y s l e  F r a c t u r e  

S t r i a t i o n s  a r e  e v i d e n t  i n  f i g u r e  5 f o r  AISI  304LC s t a i n l e s s  steel. 
S e c t i o n  A A  shows  l l p l a n a r m  t r a n s g r a n u l a r  f r a c t u r e  b r o a d ,  u n i f i e d ,  c r a c k  
f r o n t ,  a b o u t  6 3  p e r c e n t  of s u r f a c e  a r e a  ( i n s e t ) .  I n i t i a l  test c y c l e s  
r e s u l t e d  i n  c r y s t a l l o g r a p h i c  s l i p ,  w i t h  l e s s  t h a n  ona  g r a i n  d e p t h  o f  
s l i p p l a n e  c r a c k i n g  a s  i n  S t a g e  I f a t i g u e  ( r e f .  2 ) .  F r a c t u r e  is 
t r a n s g r a n u l a r  a n d  t h e  f r a c t u r e  s u r f a c e  h a s  s t r i a t i o n s  a c r o s s  t h e  wall 
t h i c k n e s s  ( f i g .  5 ) .  A t  h i g h e r  m a g n i f i c a t i o n ,  n e a r l y n  a n d  n l a t e a  
s t r i a t i o n s  a re  shown i n  f i g u r e s  6 ( a )  a n d  6  (b)  . A s i n g l e  m e a r l y n  
s t r i a t i o n ,  1.2 urn o r  a b o u t  3000  a t o m s  i n  t h i c k n e s s ,  i s  shown i n  f i g u r e  
6 ( c )  a t  a  s i t e  undamaged by  c r a c k - c l o s u r e .  The  a c t u a l  number o f  
s t r i a t i o n s  c o u n t e d  was 147, w i t h  n e a r l y n  s v r i a t i o n s  o f  0.63 p 
( s l i p - b a n d  u i d t h )  a n d  w i t h  m l a t e n  s t r i a t i o n s  o f  7 0  pm w i d t h  ( a b o u t  1 0 0  

s l i p  b a n d s  be tween  s t r i a t i o n s ) .  " L a t e m  s t r i a t i o n s  w a r e  d e l i n e a t e d  by 
" t e r r a c e s n  of  sli p b a n d s  ( f i g .  6( b) ) . D u c t i l e  t e a r i n g  o c c u r r e d  d u r i n g  
c y c l i c  t e n s i l e -  l o a d i n g .  

A s p e c i f i c  f e a t u r e  o f  P P - c y c l e  t y p e  o f  f r a c t u r e  o f  b o t h  AISI  304LC 
o r  AISI  316 s t a i n l e s s  s t e e l  i s  e a r l y  c o n t i n u i t y  o f  s t r i a t i o n s  from g r a i n  
t o  g r a i n .  

Crack p r o p a g a t i o n  r a t e  o r  t h e  c h a n g e  i n  s t r i a t i o n  w i d t h  p e r  c y c l e ,  
dc /dn ,  i s  p l o t t e d  v e r s u s  c r a c k  h a l f - l e n g t h ,  c /2 ,  i n  f i g u r e  7  a t  e a c h  o f  
f o u r  s t r a i n r a n g e  l e v e l s  f o r  AISI  316, a n d  i n  f i g u r e  8 a t  t w o  s t r a i n r a n g e  
l e v e l s  f o r  AISI  304LC. C r a c k  l e n g t h ,  c, i s  d e f i n e d  a s  t h e  t o t a l  d e p t h  
o f  c r a c k i n g .  T h e s e  f i g u r e s  p r o v i d e  t h e  b a s i s  f o r  t h e  summat ion  o f  
t a b l e  I1 which s h o w s  t h e  p e r z e n t  c y c l i c  l i f e  f o r  i n i t i a t i o n  a n d  
p r a p a y a t i ~ n  t o  twa c r a c k  d e p t h s  a t  s t r a i n r a n g e s  r a n g i n g  f r o m  0.4 t o  8 
p e r c e n t .  The c r a c k  d e p t h s  a r e  125 Vm (0 .005  i n . )  a n d  375  pm (0.015 i n .  
3 25% a f  t h e  o r i g i n a l  wall t h i c k n e s s  o f  t h e  t u b u l a r  s p e c i m e n s ) .  T h e  
plots r e v e a l  t h a t  s t r i a t i o n s  a c r o s s  t h e  wall t h i c k n e s s  c a n  a c c o u n t  f o r  
f r o m  1 0  t o  1 0 0  p e r c e n t  of P P - c y c l i c  l i f e  f o r  t h e  s t r a i n r a n g e s  e v a l u a t e d .  
T a b l e  If. s h o w s  t h a t  w h e r e  a d e p t h  o f  125 Vm (0.005 i n . )  i s  s e l e c t e d  a s  
b e i n g  t h e  d e p t h  of a s u r f a c e  d e t e c t a b l e  c r a c k ,  t h e n  f o r  a n  i n e l a s t i c  
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s t r a i n r a n g e  of: a b o u t  0.4 p e r c e n t ,  a b o u t  8 0  p e r c e n t  o f  t h e  P P - c y c l i c  l i f e  
i s  e x p e n d e d  J c r a c k  m i n i t i a t i o n @ @ .  A t  h i g h e r  s t r a i n r a n g e s  o f  3 t o  8 
p e r c e n t ,  t h e  1 2 5  p m  d e p t h  i s  r e a c h c d  i n  a p p r o x i m a t e l y  U O  p e r c e n t  o f  t h e  
c y c l i c  l i f e .  

I n  s u m m a t i o n ,  f o r  the t w a  s t ee l s  e x a m i n e d  a n d  f o r  t h e  test  
c ~ n d i t i o n s  e v a l u a t e d ,  t h e  c h a r a c t e r i s t i c s  o f  PP c y c l i c  f r a c t u r e  a r e :  

(1) T r a n s g r a n u l a  r f r a c t u r e  w i t h  f e u  i n i t i a t i o n  sites. 
( 2 )  S t r i a t i o n s  a n d  s l i p - b a n d s  b e t w e e n  s t r i a t i o n s  s r e  p l a n a r .  
(3) G e n e r a l l y ,  a  b r o a d ,  u n i f  ied, crack f r o n t .  
( 4 )  About  8 0  p e r c e n t  o f  P P - c y c l i c  l i f e  i s  e x p e n i e d  t o  p r o d u c e  a 

crack d e p t h  o f  1 2 5  vm a t  l o u  s t r a i n r a n g e ,  u i t h  a  d e c r e a s e  t o  a b o u t  4 0  
p a r c e n t  o f  t o t a l  c y c l i c  l i f e  a t  t h e  h i q h e r  s t r a i n r a n g e s  ( 3  t o  8%) .  

(5) The i d e n t i f y i n g  f e a t u r p s  were s i m i l a r  o v e r  t h e  r a n g e  o f  
s t r a i n r a n g e  a n d  t e m p e r a t u r e  a p p l i e d .  

P C - c y c l e  F r a c t u r e  

T r a n s g r a n u l a r  c r a c k i n g  w i t h  s l i  p - b a n d s  a n d  r a n y  d i s c o n t i n u ~ u s  
c r a c k - f r o n t s  a r e  c h a r a c t e r i s t i c  o f  P C - c y c l e  t y p e  f r a c t u r e  a s  s h o w n  i n  
f i g u r e  4. S u r f a c e  d i s t o r t i o n  a n d  s l i p - b a n d  c r a c k i n g  p r o b a b l y  r e s u l t e d  
f r o m  g r a i n  d i s t o r t i o n  c a u s e d  b y  g r a i n  b o u n d a r y  s l i d i n g  d u r i n g  
c a m p r e s s i v e  c r e e p  s t r a i n .  The c r a c k - f r o n t  is b l u n t e d  a n d  d i v e r t e d  by 
t h e  g r a i n  b o u n d a r i e s .  C r a c k i n g  i n i t i a t e d  a t  many sites d i s t r i b u t e d  b o t h  
A ~ n g i t u d i n a l l y  a n d  c i r c u m f e r e n t i a l l y  ( f i g s .  1 ( b )  ~ n d  2 ( b )  ) . Crack 
p r o p a g a t i o n  p r o c e e d e d  t r a n q r a n u l a r l y  a n d  g r a i n  d e f o r m a t i o n  a n d  m u l t i p l e  
crack i n i t i a t i o n  r e s u l t e d  i n  d e l i n e a t i o n  o f  g r a i n s  o n  a n  o t h e r w i s e  
p l a n a r  s u r f a c e  ( f i g s .  1 ( b )  a n d  2 ( b ) ) .  A t  h i g h e r  m a g n i f i c a t i o n  ( f i g ,  4 )  
c ~ n t i n u i t y  of s t r i a t i o n s  a c r a s s  g r a i n  b o u n d a r i e s  is e r i i e n t .  

P l o t s  ( f i g s .  8 a n d  9) s h o w  a s t e p u i s e  c r a c k  p r o p a g a t i o n  rate. r h e  
s t e p s  a r e  b e l i e v e d  t o  b e  t h e  resul t  o f  m u l t i p l e  c r a c k i n g  w h i c h  c a u s e d  
t h e  c r a c k  f r o n t  t o  c a t c h - u p  or l a g - b e h i n d  t h e  r a d i a l  p a t h  s e l e c t e d  f o r  
m a k i n g  t h e s e  p l o t s .  Prom t a b l e  I1 i t  is s e e n  t h a t  f o r  b o t n  h i g h  or low 
s t r a i n t a n g e s  t 3  r e a c h  t h e  125 p o  c r a c k  d e p t h ,  t b e  p e r c e n t  o f  c y c l i c  l i f e  
e x p e n d e d  is a b o u t  t h e  same a s  f o r  t h e  P P - c y c l e .  Some f e a t u r e s  o f  
P C - c y c l e  f r a c t u r e  are t h a t  i t  g e n e r a l l y  i n i t i a t e s  i n  f e w e r  c y c l e s  t h a n  
t h e  P P - c y c l e  a n d  a t  a  g r e a t e r  n u r b o r  o f  s i tes .  r h e  s l i p -  b a n d s ,  p o s s i b l y  
c a u s e d  by u n i d i r e c t i o n a l  s l i p  i n  e a c h  c y c l e ,  a re  b r o a d e r  t h a n  t h a s e  
p r o d u c e d  by r e v e r s e d  s l i p  i n  e a c h  c y c l e  (as  i n  t h e  P P - c y c l e ) .  T h e  PC 
s h e a r - l i p  i s  u p  t o  5 0  p e r c e n t  o f  t h e  wall  t h i z k n e s s ,  a n d  i s  - 
c i r c u m f  e r e n t i a l .  

I n  s u m a a t i o n ,  t h e  P C - z y c l a  t y p e  o f  f r a c t u r e  is c h a r a c t e r i z e d  by 
t h e  f a l l o u i n g  f e a t u r e s :  

(1)  P l a n a r  T r a n s q r a n u l d r  f r a c t u r e  w i t h  s t r i a t i o n s .  
( 2 )  N u l t i p l e  t r a n s v e r s e  c r a c i  i n i t i a t i o n  s i t e s  i i s t r i b u t e d  a h ~ u t  

t h e  c i r c u m f e r e n c e .  
(3)  D i s t o r t e d  s p e c i m e n  s u r f a c e  a n d  b l u n t e d  c r a c k  f r o n t s  d i v e r t e d  a t  

g r a i n  b o u n d a r i e s .  
( 4 )  Deep s h e a r  l i p ,  u p  t o  50 p e r c e n t  o f  t h e  w a l l  t h i c k n e s s .  
(5) T h e  p e r c e n t  o f  z y c l i c  l i f e  e x p e n d e d  f o r  c r a c k  i n i t i a t i o n  i s  

a b o u t  e q u i v a l e n t  t o  t h a t  f o r  a P P - c y c l e .  
( 6 )  T h e  P C - c y c l e  h a s  f e v e r  c y c l e s  o f  i n i t i a t i o n  a n d  s h o r t e r  c y c l i c  
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i - i e  t h a n  d o e s  t h e  P P - c y c l e  a t  a n  e q u i v a l e n t  i n e l a s t i c  s t r a i n r a n g e .  
(7 )  T h e  i d e n t i f y i n g  f e a t u r e s  were s i m i l a r  o v e r  t h e  r a n g e  o f  

s t c a i n r a n g e  a n d  t . e m p e r a t u r e  a p p l i e d .  

CP-cyc le  F r a c t u r e  

A 1 1  C P - c y c l e  s p e c i m e n  f a i l u r e s  a r e  c h a r a c t e r i z e d  by i n t e r g r a n u l a r  
f r a c t u r e  ( f i g s .  1,2,3,10, 11, a n d  12)  . I n t e r n a l  c r a c k i n g  was o b s e r v e d .  
C r a c k i n g  t h r o u g h o u t  t h e  c r o s s - s e c t i o n  i s  by g r a i n  b o u n d a r y  f r a c t u r e .  
C r a c k i n g  i n  t h a s e  g r a i n  b o u n d a r i e s  p e r p e n d i c u l a r  t o  t h e  stress a x i s  i s  
by c l e a v a g e .  C r a c k i n g  i n  t h o s e  b o u n d a r i e s  which  a r e  n o t  c l e a v e d  i s  
c h a r a c t e r i z e d  by terrace m a r k i n g s  or " s t r i a n s n  ( ( f i g s .  1 0  (a) a n d  10  ( b )  ) . 
B e c a u s e  o f  i n t e r n a l  c r a c k  i n i t i a t i o n  a t  m u l t i p l e  i n t e r n a l  sites, a  
d i r e c t  d e t e r m i n a t i o n  o f  crack p r o p a g a t i o n  c y c l e s  was n o t  p o s s i b l e .  F o r  
t h e  CP-cycle ,  s p e c i m e n  f a i l u r e  o c c u r r e d  a t  a t o t a l  cycl ic  l i f e  less t h a n  
t h a t  r e q u i r e d  f o r  crack i n i t i a t i o n  f o r  t h e  PP, PC, a n d  CC-cycles .  

Pcom t h e  p l o t s  of  s t r a i n r a n g e  v e r s u s  c y c l e s  t o  f a i l u r e  ( f i g s .  3 a n d  
4), t h e  CP i n t e r g r a n u l a r  f  n c t u r e  mode is s e e n  t o  b e  t h e  mos t  damaging. 
A t  h i g h  s t r a i n r a n g e ,  i n  p a ~ t i c u l a r ,  t h e  C P - c y c l e  t y p e  of f r a c t u r e  i s  
closest i n  a p p e a r a n c e  t o  t h a t  o f  m o n o t o n i c  c r e e p  f r a c t u r e .  T h a t  is, t h o  
f r a c t u r e  s u r f a c e s  a re  f a c e t e d  where g r a i n  b o u n d a r i e s  h a t e  s e p a r a t e d  
( f i g .  12 ( a )  ) . U n l i k e  m o n o t o n i c  c r e e p  r u p t u r e  which  i n v o l v e s  s i m p l e  
g r a i n  s e p a r a t i o n  a n d  d u c t i l e  a l o n g a t i o n  o f  material be tween  g r a i n  
f r a c t u r e s ,  t h e  s e p a r a t i o n  o f  g r a i n s  i n  t h e  CP-cyc le  o c c u r r e d  by a  
s l i p b a n d  p r o d u c i n g  mechanism s u g g e s t i v e  of t h e  s t r i a t i o n s  p r o d u c e d  by 
t r a n s g r a n u l a r  f a t i g u e  crack p r o p a g a t i o n .  The  c y c l i c  f a t i g u e  c h a r a c t e r  
o f  t h e  CP-cyc le  i n t e r g r a n u l a r  f r a c t u r e  is r e v e a l e d  by g r a i n  b o u n d a r y  
s l i p - b a n d s  a n d  g r o u p i n g s  of s l i p - b a n d s .  T h e s e  m i g h t  e x p e c t e d  t o  form f o r  
e a c h  c y c l e  of c r a c k  p r o p a g i t i o n  f r o r  t h e  i n t e r n a l  i n i t i a t i o n  sites v e r y  
a u c h  a s  s t r i a t i o n s  are fo rmed  f r o r  e x t e r n a l  i n i t i a t i o n  sites. T h e s e  
f e a t u r e s  which  d i s t i n g u i s h  i n t e r g r a n u l a r  f a t i g u e  c r a c k i n g  from 
i a  t e r g r  a m u l a r  m o n o t o n i c  f r a c t u r e  a r e  d e s i g n a t e d  m s t r i a n s n ,  h e r e i n .  
m S t r i a n s , a  it is s u g g e s t e d ,  a r e  i n t e r g r a n u l a r  m a r k i n g s  w h i c h  a re  r e la ted  
t 3  c y c l e s  o f  c r a c k  g r o w t h  i n  much t h e  s a m e  way as a r e  s t r i a t i o n s  which  
a p p e a r  a c r o s s  g r a i n s  whera c r a c k i n g  i s  t r a n s g r a n u l a r  i n  n a t u r e .  
t l e t a l l o g t a p h i c  a n d  s c h e m a t i c  e x a m p l e s  o f  n s t r i a n w - f o r m a t i o n  a re  shown i n  
f i g u r e s  10 a n d  11. By  making a s a m p l e  c o u n t  o f  n s t r i a n s n  p e r  u n i t  , 
l e n g t h  of  t e s t  s p e c i m e n  wall t h i c k n e s s  o n  s e v e r a l  C P - c y c l e  f r a c t u r e d  
s u r f a c e s  ( a t  300X t o  1000X u s i n g  t h e  S E H ) ,  t h e  number  o f  " s t r i a n s U  
i n c r e a s e d  w i t h  i n c r e a s e d  c y c l e s - t o - f a i l u r e .  Thus ,  a q u a l i t a t i v e  
a s s o c i a  t i o n  was made b e t w e e n  n s t r i a n u - c o u n t  a n d  c y c l e s  o f  crack 
p r o p a g a t i o n .  

I n  summat ion ,  t h e  c h a r a c t e r i s t i c s  o f  C P - c y c l e  t y p e  of f r a c t u r e  were 
f ~ u n d  t o  b e  as f o l l o w s :  

(1) I n t e r g r a n u l a r  f r a c t u r e  a t  m u l t i p l e  i n t e r n a l  sites. 
(2) G r a i n - b o u n d a r y  w s t r i a n w  m a r k i n g s .  
(3; C r a c k i n g  of g r a i n  b o u n d a r i e s  n o r m a l  t o  s t r e s s - d i r e c t i o n  , w i t h  

p r o p a g a t i o n  by s l i p b a n d  f n c t u r e  a t  t i l t e d  g r a i n  b o u n d a r i e s .  
(4 )  F o r  any  i n e l a s t i c  s t r a i n r a n g e  f rom 0.4 t o  4 p e r c e n t ,  t e s t  

s p e c i m e n s  s u b j e c t e d  t o  t h e  2 P - c y c l e  f a i l e d  i n  fewer c y c l e s  t h a n  a r e  
r e q u i r e d  f o r  f o r m a t i o n  o f  a 1 2 5  vm d e e p  c r a c k  u n d e r  ~ o n d i t i o n s  o f  PP, 
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PC, a n d  CC c y c l i n g .  
(5) T h e  i d e n t i f y i n g  f e a t u r e s  were s imi la r  o v e r  t h e  r a n g e  o f  

s t r a i n r a n g e  a n d  t e m p e r a t u r e  a p p l i e d ,  

C C - c y c l e  F r a c t u r e  

S e m i - p l a n a r  m i x e d  f r a c L u r e  c r a c k i n g ,  a n d  d i s l o c a t a d  s u r f a c e  g r a i n s  
a c e  e v i d e n t  i n  f i g u r e s  4 a n d  1 Z ( b ) .  C C - c y c l e  f r a c t u r e  i s  c h a r a c t e r i z e d  
b y  i n t e r g r a n u l a r  c r a c k i n g  i n  a d d l t i o n  t o  t r a n s g r a n u l a r  p r o p a g a t i o n ,  
d i s c o n t i n u o u s  f rom g r a i n  t o  g r a i n .  

P3r AISI 3 1 6 ,  a t  t w o  l e v e l s  ~f s t r a i n r a n g e ,  t h e  g e n e r a l l y  p l a n a r ,  
m i x e d - f  r a c t u r e ,  a F p e a r a n c e  is  e v i d e n t  i n  f i g u r e s  1  ( d )  i n d  2 ( d ) .  A 
c r e s c e n t - s h a p e d  c r a c k  f r o n t  i s  e v i d e n t  i n  f i g u r e  l ( d ) .  The f r a c t u r e  h a s  
a  d i s t i n c t i v e  s e r i - p l a n a r  g r a n u l a r  t o p o g r a p h y  w h i c h  is p a r t i c u l a r l y  
e v i d e n t  i n  f i g u r e s  2 ( d )  a n d  1 2  ( b )  . The i n t e r g r a n u l s r  c h a r a c t e r  o f  
c C - c y c l i c  f r a c t u r e  a p p e a r s  t~ b e  i n t r o d u c e d  by r e v e r s e d  c r e e p  s t r a i n  a s  
t h e  crack f r o n t  a d v a n c e s .  The  C C - c y c l e  c r a c k - p r o p a g a t i o n  p l o t  ( f i g .  13) 
was  b a s e d  on an  a v e r a g e  o f  m e a s u r e m e n t s  t a k e n  a l o n g  s e v e r a l  r a d i a l  
i n t e r c e p t s  b e c a u s e  o f  d i s t o r t i o n  s n d  d i f f e r i n g  s l i p - b a n d  w i d t h  i n  
a d j a c e n t  g r a i n s .  S i n c e  a lesser p e r c e n t  o f  t o t a l  c y c l i z  l i f e  ( a b o u t  35% 
t o  45% a t  4% t o  0.4% s t r a i n r a n g a ,  t a b l e  11) was e x p e n d e d  f o r  C C - c y c l e d  
s p e c i m e n s  t o  i n i t i a t e  a crack 1 2 5  ~ r m  d e e p  t h a n  f o r  t h e  PP or PC c y c l e s ,  
i t  m i g h t  b e  e x p e c t e d  t h a t  t h e  C C - c y c l e  would  h a v e  t h e  s h o r t e s t  t o t a l  
c y c l i c  l i f e  o f  t h e s e  t h r e e  S R P , - z p c l e s .  T h i s  is t r u e ,  h o w e v e r ,  o n l y  a t  
l 3 u e r  s t r a i n r a n g e s .  A t  4 .0  p e r c e n t  i n e l a s t i c  s t r a i n r a n g e ,  t h e  l i v e s  o f  
C C ,  PC, a n d  P P - c y c l e d  s p e c i m e n s  a re  a b o u t  t h e  same. T h e  d a m a g i n g  a s p e c t  
3 f  t h e  C C - c y c l e  as c o m p a r e d  t o  t h e  PC a r d  P P - c y c l e  i s  t h e  t e n s i l e  creep 
c o m p o n e n t  w h i c h  p r o d u c e s  e a r l y  c r a c k  i n i t i a t i o n  t o  a d e p t h  o f  1 2 5  p a .  
A t  i o e l a s t i c  s t r a i n r a n g e s  be low a b o u t  1 p e r c e n t ,  a  f u r t h e r  c o n t r i b u t i o n  
t o  d a m a g e  may b e  a s s o c i r t e d  w i t h  crack p r o p a g a t i o n - t o - f a i l u r e .  I t  
a p p e a r s  t h a t  i n t e r g r a n u l a r  c r a c k i n g  o c c u r r e d  i n  a d d i t i o n  t o  
t r a a s g r a n u l a r  c r a c k i n g ,  mos t  p r o b a b l y ,  a t  t h e  c r a c k  f r o n t  a s  i t  
a d v a n c e d .  t o m p a r e d  t o  C P - z y c l i c  l i f e  a t  a n y  i n e l a s t i c  s t r a i n r a n g e ,  i t  
s h o u l d  b e  n a t e d  ( f i g .  4) t h a t  t e n s i l e  c r e e p  ( a s  i n  t h a  C P - c y c l e )  is a n  
o r d e r  o f  r a y n i t u d e  m o r e  d a m s g i n g  t h a n  t e n s i l e  c r e e p  w h i c h  is  o f f s e t  by 
c : , m p r e s s i v e  c r e e p  ( a s  i n  C Z )  . F o r  e i t h e r  t h e  CC o r  CP c y c l e s  it C3 
p r o b a b l y  t e n s i l e  c r e e p  u h i c h  p r o d u c e s  t h e  d a m a g i n g  i n t e r g r a n u l a r  ) a  

c r a c k i n g .  
I n  s u m m a t i o n ,  t h e  C C - c y z l e  r a s u l t e d  i n  c r a c k i n g  u h i c h  p r o g r e s s e c  by 

r L x e J  t r a n s g r a n u l  dr a n d  i n t e r  g r a n u l a r  f r a c t u r e  modes,  s u c h  t h a t  C C - c y c l e  
f r a c t u r e  is c h a r a c t e r i z e d  by: 

(1) S e m i - p l a n a r  m i r e d  f r a c t u r e .  
( 2 )  G r a i n - d e f o r m a  t i o n  w h i c h  r e s u l t e d  i n  g r a i n  b o u n d a r y  c r a c k i n g  t h e  

f r a c t u r e  p l a n e .  
(3)  C r e s c e n t - s h a p e d ,  b u t  i r r a g u l a r ,  c r a c k - p r o p a g a t i o n  f r o n t .  
( O )  About  35 t o  U S  p e r c e n t  o f  t o t a l  c y c l i c  l i f a  i s  e x p e n d e d  t o  

r e a c h  a 125 pm d e p t h  o v e r  the r a n g e  of i n e l a s t i c  s t r a i n r i n g e s  e v a l u a t e d .  
(5) T h e  i d e n t i f y i n g  f e a t u r e s  were s i m i l a r  o v e r  t h e  r a n g e  of 

s t r a i n r a n g e  a n d  t e m p e r a t u r e  a p p l i e d .  
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C O N C L U D I N G  R E H A R K S  

T h e  r e s u l t s  o f  t h i s  s t u d y  s u p p l e m e n t  m e t a l l u r g i c a l  d a t a  p r e v i o u s l y  
r e p 2 r t e d  f o r  s e v e r a l  materials w h i c h  s h o v e d  m l r  f r a c t u r e  a n d  
s t r a i n r a n g e / c y c l i c  l i f e  b e h a v i o r ;  f o r  e x a m p l e ,  t h e  Pe- base a l l o y  A286 

. ( r e f .  5 )  a n d  t h e  Ta a l l o y  T l l l  ( r e f .  6 ) .  F o r  t h e s e  m a t e r i a l s  t h e  SBP 
l i n e s  a r e  s e p a r a t e d  a n d  t h a  f r a c t u r e  a p p e a r a n c e  d i f f e r e d  f o r  e a c h  t y p e  
3f  SRP c y c l e  e v a l u a t e d ,  The i n f e r e n c e  t h a t  n a y  be d r a w n  from a l l  of 
t h i s  work is t h a t  c r e e p  a n d  t h e  d i r e c t i o n  of c r e e p  s t r o n g l y  i n f l u e n c e s  
b o t h  t h o  f r a c t u r e  m e c h a n i s m  a n d  t h e  c y c l i c  l i f e ,  

G r a i n - b o u n d a r y  f r a c t r r e  s u r f a c e  m a r k i n g s ,  d e s i g n a t e d  n s t r i a n s , m  are 
p r o p o s e d  as a m e a n s  o f  i d e n t i f  y i n j  C P - c y c l e  i n t e r g r a n u l a r  c r a c k  g r o w t h  
c y c l e s .  T h i s  may be  p ~ s s i b l e  much i n  t h e  s a m e  uay  t h a t  
a s t r i a t i o n - c o u n t u  i s  rela t e i  t o  c y c l e s  of crack g r o w t h  f o r  t r a n s g r a n u l a r  
c r a c k i n g .  

S U f l R A R Y  O P  RESULTS 

T h e  f o l l o w i n g  major r e s u l t s  were o b t a i n e d  f r o m  a n  i n v e s t i g a t i o n  t o  
c h a r a c t e r i z e  t h e  HTLC c r e e p  f a t i g u e  c r a c k i n g  o f  A I S I  304LC a n d  316 
s t a i n l e s s  s t e e l  s p e c i m e n s  f o r  e a c h  of f o u r  b a s i c  i n e l a s t i c  s t r a i n  
r e l a t i o n s h i p s  o b t a i n e d  b y  t h a  m e t h o d  o f  S t r a i n r a n g e  P a r t i t i o n i n g :  

1. E a c h  o f  t h e  f o u r  b a s i c  i n e l a s t i c - s t r a i n  S t r a i n r a n g e  P a r t i t i a n i n g  
(SRP) c y c l i c  f a t i g u e - l i f e  r e l a t i o n s h i p s  were f o u n d  t o  r e s u l t  i n  a 
d i s t i n c t i v e l y  c h a r a c t e r i s t i c  f r a c t u r e  mode o v e r  t h e  r a n g e  of  
s t r a i n r a n g e s  (0.4% t o  4 % )  a n d  t e m p e r a t u r e s  ( 3 0 5 0 C  t o  7 0 5 Q C  ) e v a l u a t e d .  
I t  was g e n e r a l l y  n o t e d  t h a t  t h e  SRP f r a c t u r e  modes ,  3s h a d  p r e v i a u s l y  
b e e n  s h o i l n  for  t h e  SRP-z y c l i c - 1 i f  e r e l a t i o n s h i p s ,  u e r e  r e l a t i v e l y  
ter  p e r a t  u r e  i n d e p e n d e n t .  

2, T h e  P P - c y c l e ,  w i t h  t r a n s g r a n u l a r  c r a c k i n g ,  h a d  f e u  c r a c k  
i n i t i a t i o a  s i tes .  S t r i a t i o n s  u e r e  p l a n a r  w i t h  s l i p - b a n d s  b e t w e e n  
s t r i a t i o n  m a r k s .  

3. C o m p r e s s i v e  c r e e p  s t r a i n  ( P C - c y c l e )  a c t e d  t o  c a u s e  m u l t i p l e  
i n i t i a t i o n  s i t e s  a n d  e a r l y  a n s e t  o f  t r a n s g r a n u l a r  c r a c k i n g .  T h e r e  were 
f e v e r  c y c l e s  f o r  c r a c k  i n i t i s t i o n  a n d  a s h o r t e r  c y c l i c  l i f e  f o r  a n  
e ~ u i v a l e n t  i n e l a s t i c  s t r a i n r a n g e  n s  c o m p a r e d  t o  t h o  P P - c y c l e .  

,. 

I). R e v e r s e d - c r e e p  s t r a i n  ( C C - c y c l e )  a c t e d  t o  a d v a n c e  t h e  
crack- f r o n t  b y  g r a i n  b o u n a a r y  f r a c t u r e  c o m b i n e d  w i t h  t r a n s g r a n u l a r  
p r o p a g a t i o n .  

5. T e n s i l e - c r e e p  s t r a i n  ( C P - c y c l e )  i m p o s e d  d a m a g e  by g r a i n  b o u n d a r y  
c r a c k i n g  t h r o u g h o u t  t h e  s e c t i o n  t h i c k n e s s .  T h e  C P - c y c l e  t y p e  of 
f r a c t u r e s  were i n t e r g r a n u l a r  a t  311  s t r a i n r a n g e  l e v e l s  i n v e s t i g a t e d .  

6. F r a c t u r e  o f  t h e  C P - c y c l e 3  s p e c i m e n s  o c c u r r e d  i n  f e w e r  c y c l e s  
t h a n  u e r e  r e q u i r e d  for s p e c i m e n s  s u b j e c t e d  t o  o t h e r  t y p e s  o f  S R P - c y c l e s  
t o  d e v e l o p  a c r a c k  125. \rm d e e p .  
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TABLE 1 1 .  - PERCENT CYCLIC LIFE FOR FORMATION OF 

CRACKS OF TWO SPECIFIC DEPTHS 

( l o a d i n g  ( S t r a i n r a n g e ,  ( \ L i f e  t o  c r a c k  d e p t h  1 

316 S t a i n l e s s  s t e e l  I 

c y c l e  

304 S t a i n l e s s  s t e e l  I 

Bared on t o t a l  c y c l i c  l i f e  acinus t h e  number o f  
s t r i a t i o n s  a8 a p e r c e n t  o f  l i f e .  

% 
5 m i l s r  1 2 5  pm 1 5  m i l s ?  3 7 5  urn 











S
tra

in
ra

ng
e.

 
Te

m
pe

ia
tlr

-?
. 

pe
rc

en
t 

O
C

 

0
 

A
C

 
-8

.0
 

65
0 

A
C

~!
 8.

0 
A

 
A

c 
=3

.0
 

A
* PP- 

3.
0 

65
0 

0
 

A
C

 
-0

.4
2 

70
5 

A
C

? 
0.

42
 

0
 

A
c 

=O
.%

 
31

5 
A<

?=
 0

.3
8 

.
4

g
 

10
 

p
 

40
 

60
 

10
0 

m
 

m
m

1
a
m

 
C

ra
ck

 h
al

f 
le

ng
th

. 
d2

. 
vm

 

Fi
gu

re
 7.

 -
 Ef

fe
ct

 o
f s

tra
in

ra
ng

e 
on

 c
ra

ck
 p

ro
pa

ga
tio

n 
ra

te
 a

s 
a 

fu
nc

tio
n 

of
 c

ra
ck

 d
ep

th
. 

R
at

~o
s (r

ou
nd

ed
) 

in
di

ca
te

 th
e 

fra
ct

io
n 
d
 c

yc
lic

 l
ife

 e
vi

de
nc

ed
 b

y 
st

ria
tio

ns
. 

P
P

-c
yc

le
. 

31
6 

5.
5.

 

S
tra

m
ra

ng
e.

 
Te

m
pe

ra
tu

re
. 

pe
rc

en
t 

O
C

 

*A
T 

= 
ne

ck
in

g 
an

d 
sh

ea
r 

S
tr

id
io

ns
 ra

io
 

C
yc

le
s 

Fi
gu

re
 8

. 
- C

om
pa

ris
on

 of
 c

ra
ck

 p
ro

pa
ga

tio
n 

ra
te

 a
s 

a 
fu

nc
tio

n 
of

 c
ra

ck
 d

ep
th

 fo
r 

PP
- a

nd
 P

C
-c

yc
lic

 lo
ad

in
g.

 
R

at
io

s 
(r

ou
nd

ed
) 

in
di

ca
te

 th
e 

fra
ct

io
n 

of
 c

yc
lic

 l
ife

 e
vi

de
nc

ed
 b

y 
st

ria
tio

ns
. 

.W
LC

 5
.5

. 







Strainrang, Temperature, 
percent OC 

0 A6cc = 3.3 705 
A r i = 3 . 8  

316 5 .  S. 

Striations ratio 

I I I l l  
I l l  

. 6  thickness: Ylb lo!& 25% 50% lCfl% 

Figure 13. - Effect of strainrange on crack propagation 
rate as a function of crack depth. Ratios (rounded) 
indicate the fraction of cyclic life evidenced by 
striations. CC-cycle, 316 5 .5 .  
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